This study examined the effect of amino acids in a carbohydrate beverage on cycling performance. Twelve male athletes (28.5 ± 2.1 yr) cycled at 75% VO 2peak for 90 min followed by a ride to exhaustion at 85% VO 2peak , before (T1) and on 2 consecutive days (T2 and T3) after 2 weeks of supplementation with 3.6% carbohydrate plus 1% amino acids (AA) or 4.6% carbohydrate-only (CHO) isocaloric beverages. Muscle damage was assessed by plasma creatine kinase (CK), and muscle fatigue by changes in vertical jump pre-to postexercise. Muscle soreness, overall fatigue, and changes in mood state were assessed using questionnaires. Plasma CK was lower for AA in T3 (214.0 ± 13.5 vs. 485.9 ± 191.4 U/L immediately post, 213.9 ± 13.1 vs. 492.0 ± 199.4 U/L 5 hr post, and 194.9 ± 17.9 vs. 405.9 ± 166.6 U/L 24 hr postexercise in AA and CHO, respectively). Time to exhaustion decreased from T2 to T3 only in CHO (10.9 ± 2.5 to 12.6 ± 3.2 vs. 13.8 ± 2.8 to 7.8 ± 1.5 min in AA and CHO, respectively). Vertical-jump change from pre-to postexercise was greater in T3 for the CHO treatment. Total fatigue score and mood disturbance decreased significantly only with AA in T3. The addition of AA to a carbohydrate beverage after consecutive-day exercise bouts reduced muscle damage as indicated by CK levels, decreased fatigue, and maintained exercise performance compared with consuming carbohydrate alone.
. Carbohydrate intake (1-1.2 g/kg) at frequent intervals (within 30 min of exercise cessation and then every hour up to 4 hr) after exercise has also been shown to be beneficial in restoring muscle glycogen and enhancing exercise recovery (Burke et al.; Ivy et al., 2002; van Loon, Saris, Kruijshoop, & Wagenmakers, 2000) .
Although the benefits of carbohydrate drinks on performance and recovery are well established, the affects of amino acid ingestion are less clear. Some studies have shown that the addition of amino acids to a carbohydrate beverage during and after exercise enhances postexercise muscle protein synthesis and glycogen repletion (Koopman et al., 2004; Ivy et al., 2002) and reduces plasma creatine kinase concentrations, a marker of muscle damage (Romano-Ely, Todd, Saunders, & Laurent, 2006; Saunders, Kane, & Todd, 2004; Shimomura et al., 2006) . The branched-chain amino acids, especially leucine, have also been shown to play a role in protein signaling, and ingesting leucine might increase protein synthesis (Shimomura et al.) . Another possible benefit of branched-chain amino acid intake is that the branched-chain amino acids can be oxidized in skeletal muscle and used as an additional fuel source during exercise (Koopman et al.; MacLean, Graham, & Saltin, 1994; Shimomura et al.) .
Several studies have compared the effect of adding amino acids to a carbohydrate sports drink on exercise performance, with most showing no difference between carbohydrate plus amino acids and carbohydrate-only supplementation (Cheuvront et al., 2004; Davis, Welsh, De Volve, & Alderson, 1999; Madsen, MacLean, Kiens, & Christensen, 1996; Romano-Ely et al., 2006; van Essen & Gibala, 2006 , van Hall, Raaymakers, Saris, & Wagenmakers, 1995 . Only a few studies have shown improved performance with the addition of amino acids (Ivy et al., 2003; Saunders et al., 2004) . Saunders et al. found decreased creatine kinase concentrations and improved time to exhaustion when participants consumed a carbohydrate-amino acid drink versus an isocarbohydrate, but not isocaloric carbohydrate drink. When the study was repeated with isocaloric beverages, no difference in performance was found, but there was still a decrease in creatine kinase levels and muscle soreness (Romano-Ely et al.) . The differing exercise-performance results between research studies could be a result of variations in experimental protocol, such as the caloric content of the drinks, the time since the last meal, and the exercise intensity and duration.
Branched-chain amino acid intake might also decrease central fatigue associated with high serotonin (a neurotransmitter) levels (Blomstrand, 2006; Davis, Alderson, & Welsh, 2000) . Increased serotonin concentrations in the brain can occur after prolonged exercise, when there is an increase in the blood concentrations of the amino acid tryptophan. Tryptophan and the branched-chain amino acids share the same amino acid transport system into the brain, and if branchedchain amino acids levels are increased as the result of supplementation, then, theoretically, less tryptophan can enter the brain and be converted to serotonin, resulting in decreased central fatigue (Blomstrand; Davis et al., 2000) . Cheuvront et al. examined the effects of isocaloric supplementation of carbohydrate plus branched-chain amino acids versus carbohydrate only for a single bout of exercise in the heat and found no difference in rating of perceived exertion, mood state as measured by Profile of Mood State scores, or tests of cognitive performance (Cheuvront et al., 2004) . In contrast, Hassmen, Blomstrand, Ekblom, and Newsholme (1994) found that adding branched-chain amino acids to a carbohydrate drink improved cognitive performance as measured by the color-word, shape-rotation, and figure-identification tests, but not mood state, after a single 30km cross-country race. The differing results between these studies could again be a result of variations in experimental protocol, such as the caloric content of the drinks, the time since the last meal, and the exercise intensity and duration.
To the best of our knowledge no study has comprehensively examined the effects of longer term (2 weeks) amino acid plus carbohydrate supplementation on exercise performance and fatigue during consecutive-day exercise bouts under normal race or training conditions. Using a double-blind randomized study design, we compared the effects of 2 weeks of daily carbohydrate plus amino acid supplementation on parameters of exercise performance and fatigue with those noted with carbohydrate alone. More specifically, we hypothesized that ingesting a combination of carbohydrate and amino acids would enhance performance by reducing the muscle damage and fatigue from consecutive bouts of endurance exercise.
Methods

Participants
Twelve endurance-trained male cyclists and triathletes completed the study. The number of participants was based on power analysis (http://hedwig.mgh.harvard. edu/sample_size/quan_measur/cross_quant.html). We used data from the Saunders et al. (2004) and Romano-Ely et al. (2006) articles for the values entered into the power equation. We used a statistical power of .80; a minimal detectable difference in means of 350 for creatine kinase, 3 for muscle soreness, and 10 for time to exhaustion; a standard deviation between treatments of 200 for creatine kinase, 2 for muscle soreness, and 20 for time to exhaustion; and a two-tailed alpha level of .05. The estimated number of participants from the equation was 6, and we doubled that to ensure enough statistical power. Participants had to have been competing in their sport for more than 2 years, be training more than 5 hr/week (verified by training logs), have a VO 2peak greater than 50 ml · kg -1 · min -1 , be nonsmokers, and not have been taking any supplements containing protein for at least 3 weeks before starting the study. Participants were healthy as determined by a health-history questionnaire and physical examination by a licensed physician. Participants completed written informed consent, and the institutional review board of the University of California at Davis approved the experimental protocol (ID: 200412826-1).
Experimental Design
Participants were asked to be well hydrated and to rest or perform only light exercise the day before all tests. We provided a standardized dinner and breakfast before all exercise testing sessions. The dinner consisted of pasta and marinara sauce, a chicken breast, salad, and a cookie. Breakfast consisted of a banana, oatmeal, milk, and orange juice. We also requested that participants maintain the same diet and training regimen throughout the study period. Three-day food records collected before and at the end of the study and 24-hr diet recalls collected at each testing session were used to monitor diet. Diets were analyzed with Food Processor SQL (Version 9.2.0, ESHA Research, Salem, OR). Exercise-training programs were not controlled, but each participant was required to record the intensity and duration of his daily exercise in training logs.
The experimental design is shown in Figure 1 . The first visit to the laboratory consisted of a medical-clearance exam and a peak exercise test to determine work intensities for the six subsequent submaximal exercise tests. Participants completed the first submaximal exercise bout (Trial 1; T1) while consuming one of two experimental beverages. Beverages were randomly assigned and double-blinded. After the first test for each drink, participants consumed 1,500 ml (500 ml before, 500 ml during, and 500 ml after exercise) of the test drink each day for 2 weeks. On nonexercise days, participants consumed 500 ml of the beverage in the morning, 500 ml in the afternoon, and 500 ml in the evening. Both supplement formulas added an extra 270 kcal to their diet each day. Two weeks after T1, participants returned to the laboratory for two consecutive-day submaximal exercise bouts (T2 and T3) identical to T1. After a 2-week washout period, the same routine of a peak test followed by three submaximal tests was repeated, but with the other drink.
Baseline Testing
One to two weeks before the first submaximal test, participants arrived at the laboratory for their initial peak-oxygen-consumption (VO 2peak ) test and medical clearance. Height and weight were measured, and body composition determined using a Harpenden caliper to measure skinfolds at seven sites (Jackson & Pollock, 1978) . Bicep, waist, thigh, and calf circumferences were also measured. Exercise tests were performed on the participants' own bicycles mounted on Compu trainers (Computrainer Pro, Racermate Inc., Seattle, WA). PowerTap wheels (PowerTap Pro, Graber Products, Madison, WI) were used to verify the wattage reported by the Computrainer and to display cadence. Participants performed a 15-min warmup on their bikes and then performed a graded exercise test to exhaustion to determine VO 2peak . The initial workload was set between 130 and 160 W depending on fitness level and was increased by 30 W every 3 min until volitional fatigue. Tests were considered maximal if respiratory-exchange ratio (RER) was greater than 1.15 and peak blood lactate was greater than 8 mmol/L (American College of Sports Medicine, 2000) . Metabolic measurements were obtained continuously using a metabolic cart (TrueOne 2400, ParvoMedics, Sandy, UT). At the end of each 3-min stage, heart rate (HR) was obtained via a Polar HR monitor (5410, Polar, Woodbury, NY) and rating of perceived exertion (RPE) was obtained using a 10-point scale (Noble, Borg, Jacobs, Ceci, & Kaiser, 1983) . The power output that elicited 75% of VO 2peak was used as a starting point for the submaximal exercise bouts.
Experimental Exercise Trials
The night before and the morning of each submaximal test, participants consumed the same standardized diet. Participants reported to the laboratory 1-2 hr after their standardized breakfast, were weighed, and had skinfolds measured. They performed all of their tests at the same time of day and under normal environmental conditions: 19-22 °C, 755-762 mm Hg, and 37-43% relative humidity. After a 10-min warm-up, vertical-jump height was measured by having each participant perform three countermovement jumps on a force plate (Quattro Jump, Kistler, Amherst, NY), with their hands on their hips and with the instructions to jump as high as possible (Byrne & Eston, 2002) . The highest of three jumps was recorded. Vertical-jump tests were used as an objective measure of muscle fatigue and damage (Byrne & Eston) . The participants then rested quietly on an exam table while a 22G catheter was inserted into a forearm vein and a 6-ml preexercise blood sample was obtained.
Participants then cycled for 90 min at a workload corresponding to 75% of VO 2peak . The workload was adjusted to maintain 75% VO 2peak throughout the first test, and the same protocol of workload increments was used for all subsequent tests. Every 15 min during the 90-min protocol, HR, RPE, VO 2 , and RER were measured and a 3-ml blood sample was taken. After 90 min, the workload was increased to 85% VO 2peak and participants were instructed to continue cycling as long as possible. The test was stopped when participants could no longer maintain 60 rpm, and the time was recorded as the time to exhaustion. VO 2 , RER, and HR were collected for 2-10 min before stopping the test, and a 6-ml blood sample was taken as soon as the test was stopped. Participants performed a 10-min active recovery at 100 W, and then body weight was measured. The best of three postexercise vertical jumps was recorded. Blood samples were also drawn at 5 and 24 hr after completion of the test to measure plasma creatine kinase. To assess whether fluid intake was adequate to maintain hydration we weighed the participants before and after the exercise session to determine significant weight loss or gain. We also measured hematocrit at each exercise blood measurement to determine whether there were any significant changes in plasma volume.
Fatigue and Muscle-Soreness Questionnaires
Participants completed a Profile of Mood State (POMS) questionnaire (Nyenhuis, Yamamato, Luchetta, Terrien, & Parmentier, 1999 ) and a Brief Fatigue Inventory (BFI; Mendoza et al., 1999 ) the morning before and 24 hr after each submaximal exercise test. The POMS questionnaire consisted of 65 questions asking participants to describe feelings they were having in regard to tension, depression, anger, vigor, fatigue, and confusion. Scores are obtained for each of the six categories and then combined to get a total mood-disturbance score from -32 to 200. The BFI consisted of nine questions about the severity of fatigue and the effects of fatigue on physical ability and mood. Each question was rated on a scale from 0 to 10, and the sums of all nine questions were added to get a total fatigue score of 0-90. Participants completed a muscle-soreness questionnaire the morning before and 24 hr after each submaximal test. They were instructed to make a mark on a 7-cm visual analog scale indicating the amount of whole-body soreness, with 0 being no pain and 7 being extreme pain.
Beverage Composition
Drinks were supplied by Otsuka Pharmaceutical Co., Ltd. Participants were randomly assigned to receive one drink, completed the testing protocol, and then repeated the protocol with the other beverage. The drinks were isocaloric (90 kcal/500 ml) and clear and had similar fruit flavors. The carbohydrate drink contained 23 g of carbohydrate and 245 mg of sodium in 500 ml (4.6% carbohydrate), and the amino acid drink contained 18 g of carbohydrate, 2 g leucine, 1 g valine, 1g isoleucine, 1g arginine, and 245 mg of sodium in 500 ml (3.6% carbohydrate, 1.0% amino acids). Participants consumed 7 ml/kg of the test drink before, 1.8 ml/kg every 15 min during, and another 7 ml/kg after exercise. A final 500 ml of the test drink was consumed that evening. Participants were allowed to drink additional water throughout exercise, but they had to drink the same amount of water for each test. For a reference 75-kg man, the beverages delivered 540 ml of fluid, 19.4-24.8g of carbohydrate, and 97 kcal/hr during exercise and 525 ml of fluid, 18.9-24.2g of carbohydrate, and 95 kcal before and after exercise.
Blood Analysis
Blood samples were collected in nonheparinized syringes. One drop was used to measure blood lactate with a portable lactate analyzer (Lactate Pro, Arkray, Inc., Kyoto, Japan), one drop was used to determine blood glucose with a glucose analyzer (Accu-Chek, Roche, Mannheim, Germany), hematocrit was determined using microhematocrit tubes (Statspin, Norwood, MA), and 2-3 ml of whole blood was centrifuged at 11,200 g for 30 s and the plasma stored in Eppendorf tubes at -20 °C for amino acid analysis. At rest, exhaustion, and 24 hr postexercise, 3 ml of blood was collected in a lithium heparin Vacutainer tube and transferred to the University of California Health System laboratory for analysis of creatine kinase. Creatine kinase was analyzed on a Beckman LX20 (Beckman Coulter Inc., Fullerton, CA). Whole blood was centrifuged for 10 min at 1,500 relative centrifugal force. Samples were deposited into cuvettes containing creatine kinase reagent (Beckman Coulter Inc.) at a ratio of 1 part sample to 20 parts reagent, and the change in absorbance at 340 nm was determined.
For the branched-chain amino acid and tryptophan measurements, the plasma samples were ultrafiltered using 30,000-MW cutoff filters (MPS micropartition, Millipore, Billerica, MA). The filtration devices were centrifuged at 3,650 g for 60 min, and the filtrate was stored in Eppendorf tubes at -20 °C. Plasma branchedchain amino acids (sum of plasma valine, leucine, and isoleucine concentrations) and free tryptophan were analyzed by the Amino Acid Laboratory at the University of California, Davis, using a Biochrom 30 amino acid analyzer (Biochrom Ltd., Cambridge, UK). The filtrate was thawed and mixed with an equal volume of 0.24 mol/L 5-sulfosalcylic acid, containing 200 nmol/ml of norleucine as internal standard. The tube was centrifuged at 15,800 g for 20 min. The pH of the supernatant was adjusted to 2.2 by adding 0.4 N LiOH before injection, and then 100 ul of supernatant was injected onto the ion-exchange column. The analyzer used cation-exchange chromatography and spectroscopic determination of a ninhydrin reaction with amino acids to obtain measured values from a serum sample.
Statistical Analysis
Data are presented as M ± SEM for 12 participants. This study employed a withinparticipant repeated-measures design comparing the effects of two beverage treatments on time to exhaustion, blood metabolic parameters, RPE, HR, RER, an objective measure of fatigue (vertical jump), subjective measures of fatigue (POMS and BFI), muscle soreness (visual analog scale), and muscle damage (creat ine kinase). Using StatView software (Version 5.0.1, SAS Institute Inc., Cary, NC), the data were analyzed using repeated-measures analysis of variance with Fisher's post hoc analysis. Significance was set at an alpha of p ≤ .05 for all analyses.
Results
Descriptive Characteristics of the Participants
Participants' demographic data are presented in Table 1 . Participants were wellconditioned athletes who exercised 9.1 ± 0.9 hr/week. Weekly hours of training from the daily training logs did not change significantly throughout the study period (Week 1 = 10.0 ± 1.2, Week 2 = 9.1 ± 1.1, Week 3 = 8.3 ± 1.1, Week 4 = 9.2 ± 1.0, Week 5 = 8.8 ± 0.9, and Week 6 = 9.1 ± 1.2 hr/week). There were no differences in weight, body composition, circumferences, and VO 2peak between treatments. Three-day food records and 24-hr diet-recall data are presented in Table 2 . Total caloric content and composition of overall diets did not change between the two treatments. Total caloric content and composition of meals the night before and morning of all tests were similar between treatments.
Cardiovascular Responses to the Experimental Trials
HR is presented in Table 3 . It remained stable throughout the 90 min of cycling at 75% VO 2peak and then increased significantly after the ride to exhaustion at 85% VO 2peak for both treatments. HR was significantly lower at exhaustion with amino acids than with carbohydrate in T1. Oxygen consumption (Table 3) was maintained near 75% VO 2peak during the initial 90 min of cycling (carbohydrate 77% VO 2peak , amino acids 77% VO 2peak ). Oxygen consumption increased significantly during the ride to exhaustion and was maintained near 85% VO 2peak (carbohydrate 87% VO 2peak , amino acids 86% VO 2peak ). There were no significant differences in oxygen consumption between the two treatments at any time point. Power output was kept constant for all experimental trials. Average power output at 75% VO 2peak (225.9 ± 9.4 W) was significantly lower than at 85% VO 2peak for both treatments (255.8 ± 10.3 W). 
Metabolic Responses to the Experimental Trials
RER (Table 3) was maintained at or above .90 for all experimental trials. It significantly increased at exhaustion after exercise at 85% VO 2peak in both treatments. There were no differences in RER between the treatments. RER was significantly lower in T3 than in T2 at exhaustion with carbohydrate. The blood lactate concentrations (Table 3) at exhaustion were significantly higher than during exercise at 75% VO 2peak . No differences in blood lactate concentration were found between treatments, except at exhaustion in T2, when lactate was lower with amino acids. Lactate concentrations were lower at exhaustion in T3 than in T1 for both treatments and in T3 than in T2 with carbohydrate. Plasma glucose (Table 3) concentrations were maintained above 4.2 mmol/L (76 mg/dl) for all trials and increased with exhaustion in T1 for both treatments and in T3 for amino acids. There were no differences in plasma glucose concentration between treatments preexercise (5.3-5.5 mmol/L) or during exercise and exhaustion.
Branched-Chain Amino Acids and Tryptophan Concentrations
The plasma concentration of branched-chain amino acids and free tryptophan and the plasma ratio of free tryptophan to branched-chain amino acids are presented in Figure 2 . Preexercise concentrations of branched-chain amino acids ( Figure 2A) were not different between the two treatments for any of the trials. Branched-chain amino acid concentrations remained constant during exercise with carbo hydrate but increased 100-141% from rest to all exercise time points with all the amino acid trials and remained constant thereafter. Branched-chain amino acid concentrations were higher at all exercise time points with amino acids than with the carbohydrate treatment. The plasma concentrations of free tryptophan ( Figure 2B) were not significantly different between carbohydrate and amino acid treatments at any time point. The tryptophan levels decreased 50% with 2 weeks of supplementation (from T1 to both T2 and T3) for both treatments, preexercise and at all exercise time points. There were no differences between T2 and T3 for either treatment. The ratio of free tryptophan to branched-chain amino acids ( Figure 2C ) was not significantly different in the amino acid treatment than in the carbo hydrate treatment preexercise but was significantly higher during exercise with carbo hydrate than with amino acids during all exercise time points. Free tryptophan and branchedchain amino acids increased from preexercise to all exercise points for the carbohydrate treatment and decreased from preexercise to all exercise time points with the amino acid treatment. T1 for carbohydrate had ratios greater than T2 and T3 preexercise and at all exercise points except 30 min. T1 for amino acids had ratios greater than T2 and T3 preexercise and at all exercise points except 60 min.
Fluid Balance
No significant changes in hematocrit occurred from 15 min to the end of exercise for any of the experimental trials, indicating that participants were adequately hydrated. There were no differences in hematocrit values between treatments at rest. Body weight did not change significantly from pre-to postexercise for any trial, and there were no significant differences in body-weight changes from pre-to postexercise between treatments. 
Fatigue
The RPE increased significantly from the 90 min of exercise (rated as very hard) to exhaustion (very, very hard) for all trials, with no difference between treatments (Table 3) . Changes in feelings of fatigue as assessed by the BFI questionnaire and changes in mood disturbances as assessed by the POMS questionnaire from pre-to 24 hr postexercise are shown in Table 4 . Fatigue levels as assessed by the BFI were unchanged for all trials except T3 for amino acids, in which fatigue levels were lower 24 hr after exercise. In T3, amino acids also showed lower levels of fatigue from preexercise to 24 hr after exercise than with carbohydrate and had less fatigue than in T1 and T2. The same pattern occurred with changes in total mood state from the POMS questionnaire. The only significant decrease in mood disturbance from preexercise to 24 hr postexercise occurred in T3 for the amino acids trial, with less mood disturbance than in T1 and T2. When the POMS results specific to the fatigue score were evaluated, fatigue was increased 24 hr after exercise with amino acids in T2 compared with carbohydrate. Again, the only significant decrease in perceived fatigue from pre-to 24 hr postexercise occurred in T3 for the amino acids trial, with participants reporting less fatigue than in T1 and T2.
Exercise Performance
No differences in time to exhaustion ( Figure 3) were detected between treatments. Although the exercise times to exhaustion were similar for all amino acid trials, time to exhaustion decreased significantly between T2 and T3 with carbohydrate. The change in vertical-jump height from pre-to postexercise is presented in Figure 4 . Jump height decreased significantly from pre-to postexercise for all trials. Although the changes in vertical-jump height were similar for all amino acid trials, jump height decreased significantly between T1 and T3 with carbohydrate and the decrease in jump height was significantly greater with carbo hydrate than with amino acids for T3.
Muscle Damage and Soreness
Whole-body muscle soreness (Table 4) increased from pre-to 24 hr post exercise in T2 for both treatments. Preexercise soreness was greater for T3 than for T2 for both treatments. There were no differences between the treatments. Plasma creatine kinase concentrations pre-and postexercise are presented in Figure 5 . Creatine kinase concentrations were not different between the two treatments before exercise for any of the trials. The concentration of creatine kinase was significantly greater immediately and 5 and 24 hr postexercise with carbohydrate than with amino acids in T3. Although creatine kinase levels remained constant in the amino acid treatment, they were greater immediately postexercise in T3 than in T1 and T2 and at 5 hr postexercise in T3 than in T1 for the carbohydrate trials. 
Discussion
The purpose of this investigation was to determine whether routine ingestion of a solution containing amino acids in addition to carbohydrate could improve endurance performance with consecutive exercise bouts. The results of this study showed that consuming amino acids with carbohydrate before, during, and after a single bout of exercise of approximately 2 hr in normal environmental conditions did not improve performance more than consuming carbohydrate alone. Regular consumption of an amino acid-carbohydrate drink over a 2-week period did not improve exercise performance after a single bout of exercise compared with consuming only carbohydrate. The addition of amino acids to a carbohydrate beverage was, however, effective in reducing muscle damage, as evidenced by decreased plasma creatine kinase, decreased fatigue, and maintained exercise performance after consecutive days of exercise. Amino acids, especially the branched-chain amino acids valine, leucine, and isoleucine, can be beneficial during exercise for several reasons. The branchedchain amino acids can be oxidized by skeletal muscle to provide energy for muscle contraction (Koopman et al., 2004 , MacLean et al., 1994 , Shimomura et al., 2006 , enhance postexercise muscle protein synthesis (Koopman et al.; MacLean et al.; Shimomura et al.) , and reduce exercise-induced muscle damage (Koopman et al.; MacLean et al.; Romano-Ely et al., 2006; Saunders et al., 2004) .
Several studies have examined the metabolic response to exercise with the addition of amino acids to a carbohydrate supplement and found no changes in substrate use as measured by RER and blood glucose, free fatty acid, and lactate concentrations (Cheuvront et al., 2004; Davis et al., 2000; Ivy et al., 2003; Madsen et al., 1996; Saunders et al., 2004; van Essen & Gibala, 2006) . Our study also revealed no difference in RER or blood glucose or lactate concentrations during the 90-min exercise bout or at exhaustion for either acute or chronic amino acid supplementation. Although amino acids can provide a fuel source during exercise, the contribution is small compared with fat and carbohydrate and most likely would not affect substrate oxidation unless muscle and liver glycogen became depleted (Koopman et al., 2004) . Although we did not directly measure glycogen levels, the participants in our study were fed 1-2 hr before exercise and rested the day before, suggesting that they had adequate glycogen stores.
Several studies have shown that amino acid supplementation can increase muscle protein synthesis (Koopman et al., 2004; MacLean et al., 1994; Shimomura et al., 2006) and reduce exercise-induced muscle degradation (Romano-Ely et al., 2006; Saunders et al., 2004; Shimomura et al.) . Creatine kinase is a more specific marker of muscle damage than lactate dehydrogenase or aspartate aminotransferase, which are found in the muscle, kidney, red blood cells, and stomach (Kasper, Talbot, & Gaines, 2002) . Although plasma creatine kinase levels cannot distinguish between skeletal-and cardiac-muscle damage, the type of exercise used in our study should not have been severe enough to cause cardiac-muscle damage in competitive athletes. The addition of amino acids to the carbohydrate drink decreased plasma levels of creatine kinase but was significant only after consecutive-day exercise bouts. Saunders et al. and Romano-Ely et al . also measured creatine kinase levels after a single bout of exercise to exhaustion and found decreased creatine kinase levels with isocarbohydrate and isocaloric carbohydrate-plus-amino acid versus carbohydrate-only supplementation. Several studies have shown that amino acid supplementation can improve protein balance by decreasing protein degradation during exercise and increasing protein synthesis after exercise (Koopman et al.; MacLean et al.) .
Although we saw a decrease in creatine kinase levels after consecutive exercise bouts with the amino acid-carbohydrate drink (indicating decreased muscle damage), we did not see a difference in whole-body muscle soreness. This is in contrast to Romano-Ely et al. (2006) , who saw lower creatine kinase values and decreased muscle soreness with isocaloric amino acid and carbohydrate than with carbohydrate-only supplementation after a single exercise bout. The difference in findings could be a result of experimental design. The participants in the RomanoEly et al. study rode approximately 40 min longer and had higher creatine kinase values than the participants in our study. The participants in our study were highly trained competitive athletes who were regularly participating in competitive events. The type of exercise the participants were asked to perform was similar to a typical training routine. Even though they did have an increase in muscle damage, as indicated by increased creatine kinase levels, the exercise might not have been hard enough for them to perceive a change in muscle soreness.
Although the human body is physiologically able to tolerate homeostatic disturbances during a single-day exercise challenge, it might be more difficult to handle the fatigue and soreness after multiple days of moderate to intense exercise training. We found no effect of supplement type on RPE, vertical-jump height, or fatigue and mood-state measures after a single exercise bout. Cheuvront et al. (2004) examined the effects of isocaloric supplementation of carbohydrate plus amino acids versus carbohydrate only for a single bout of exercise in the heat and also found no difference in RPE, mood state as measured by POMS scores, or tests for cognitive performance. Although no differences in the RPE were found in either treatment group of this study, participants did indicate a reduction in fatigue on their fatigue inventory and showed an improvement in vertical jump, a reasonable measure of muscle fatigue, with the amino acid treatment after consecutive exercise bouts (Byrne & Eston, 2002) . Again, the participants were highly trained competitive athletes who were regularly participating in competitive events. As highly trained athletes, the type of exercise the participants were asked to perform was similar to a typical training routine and might not have been hard enough for them to perceive differences in exertion during the exercise bout. The addition of amino acids to the treatment beverage did perhaps allow a better recovery with less perception of fatigue after the consecutive exercise bouts. Hassmen et al. (1994) also found that adding amino acids to a carbohydrate drink improved cognitive performance (as measured by the color-word, shape-rotation, and figureidentification tests) but not mood state after a single 30K cross-country race.
The reduced perception of fatigue might be related to central fatigue. Amino acid supplementation increased plasma branched-chain amino acid concentrations and reduced the ratio of free tryptophan to branched-chain amino acids, suggesting that less free tryptophan was available to be transported across the blood brain barrier to be converted to serotonin. Amino acid supplementation did not, however, change the levels of free tryptophan in the blood compared with the carbohydrate-only trials. Other studies using branched-chain amino acid supplementation have also found increases in plasma branched-chain amino acid concentrations, no change in plasma free tryptophan concentrations, and lower ratios of free tryptophan to branched-chain amino acids than with carbohydrate-only supplements (Davis et al., 1999; MacLean et al., 1994) .
In a similarly designed study, Madsen et al. (1996) saw no differences between carbohydrate plus amino acids or carbohydrate-only supplementation in exercise performance, as measured by a single 100-km time trial. Cheuvront et al. (2004) also found no difference in time-trial performance with similar caloric contents of carbohydrate plus amino acids versus carbohydrate-only drinks when participants exercised while hypohydrated in the heat. Studies that have found increased time to exhaustion (Ivy et al., 2003; Saunders et al., 2004) with the addition of amino acids to a carbohydrate drink did not match drinks with respect to caloric intake, and thus the carbohydrate plus amino acid drinks contained more calories. In contrast, in a recent study Romano-Ely et al. (2006) found no difference in time to exhaustion with the addition of amino acids to a carbohydrate beverage in iso caloric amounts. Davis et al. (1999) also found no benefit with the addition of amino acids to a carbohydrate drink during intermittent high-intensity running to fatigue. Most of these studies only looked at the effect of supplementation during one exercise bout. Times to exhaustion were similar for all three of the amino acid trials in our study but were reduced on the second of two consecutive-day exercise bouts with the carbohydrate-only drink. The addition of amino acids to a sports drink might allow an athlete to maintain a high level of performance with multiple-day exercise challenges. Saunders et al. also found no difference in RPE but an increased time to exhaustion and decreased muscle damage (plasma levels of creatine kinase) after 2 consecutive days of exercise with isocarbohydrate, but not isocaloric carbohydrate-plusamino acid drinks.
Many previous studies examining the beneficial effects of ingesting amino acids during exercise have been inconsistent and have not been performed under normal prerace conditions. The current study was performed under conditions designed to simulate normal prerace dietary and environmental conditions. Participants performed only light exercise and ate a standardized dinner on the day before testing and ate a standardized breakfast 2 hr before testing to ensure that they had adequate glycogen stores. Previous studies have often had participants exercise in glycogen-depleted or fasted states (Davis et al., 1999; Saunders et al., 2004) or in the heat (Cheuvront et al., 2004) and have not used isocaloric drinks (Davis et al., 1999 , Ivy et al., 2003 Madsen et al., 1996; Saunders et al.; van Essen & Gibala, 2006) , thus making it impossible to distinguish between effects caused by the presence of amino acids and those caused by a higher caloric content. The drinks in this study were isocaloric. The use of normal environmental conditions, participants with adequate glycogen and hydration, and participants who were well rested provides results that are more relevant to athletes seeking knowledge about the beneficial effects of carbohydrate and amino acid supplementation during training and competition. We did not find any benefit from the regular consumption of the amino acid-carbohydrate drinks versus carbohydrate alone, and this could have been the result of our including athletes who regularly consume diets adequate in calories, protein, and carbohydrate.
In conclusion, consuming amino acids in addition to carbohydrate during an acute bout of exercise of approximately 2 hr when exercising in a fed state and in normal environmental conditions did not improve performance over consuming carbohydrate alone. We also did not find any benefit from the regular consumption of the amino acid-carbohydrate drinks versus carbohydrate alone. The addition of amino acids to a sports beverage was effective, however, in maintaining exercise performance and reducing muscle damage and fatigue after 2 consecutive exercise bouts. The results from this experiment suggest that, for endurance athletes, the addition of amino acids to sports drinks, consumed before, during, and after exercise, helps maintain a high level of performance by reducing muscle damage and fatigue after multiple days of exercise.
